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ABSTRACT 

We show that the experiential E p — L, T — L, E p — T and 7/ 7 — E p corre- 
lations (where L is the time-averaged luminosity of the prompt emission, E p is 
the spectral peak energy, T is the bulk Lorentz factor and r/ 7 is the emission 
efficiency of Gamma-ray bursts) are well consistent with the relations between 
the resembling parameters predicted in the photospheric radiation model of the 
prompt emission of Gamma-ray bursts. The time-resolved thermal radiation of 
GRB 090902B does follow the E p — L and V — L correlations. A reliable interpre- 
tation of the four correlations in alternative models is still lacking. These facts 
may point towards a photospheric origin of prompt emission of some Gamma-ray 
Bursts. 

Subject headings: Gamma ray burst: general 

1. Introduction 

In the past fifteen years, our understanding of gamma-ray bursts (GRBs) had been 
revolutionized. As usual, some aspects are understood better than others. For example, 
the detection of a bright supernova component in the afterglow of some nearby long GRBs 
establishes their collapsar origin and the late (~ 10 4 s after the trigger of the burst) afterglow 
data support the external forward shock model (Piran 2004; Zhang & Meszaros 2004). Yet 
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the physical origin of the prompt emission of GRBs is still not clear. The "leading" internal 
shock model is found hard to explain some observational facts, motivating people to develop 



the internal magnetic energy d issipation models and the photosphere models (see iPiran 



2004 ; IZhang fc Meszaros 1 12004 . for reviews). It is rather hard to distinguish among these 



models reliably. It is widely speculated that the polarimetry of the prompt emission, for 
example, by POlarimeters for Energetic Transients (POET, Hill et al. 2008) and by POLAR 
(Orsi 2011), may play key roles in the future. In this Letter we show that some empirical 
correlations of the prompt emission properties may have shed valuable light on the underlying 
physics and the photospheric model is favored. 



2. Interpreting the four observed correlations in the photospheric radiation 

model 



The tight correlation E p cx L 



0.5±0.1 



was discovered by Wei fc Gao (2003, see Fig. 6 therein) 



and then has been confirmed by many research es (e.g., iLiang et al. 1120041 : lYonetoku et al. 



2004; Ghirlanda et al. 



2009 



Zhang et al. 1120121) . Recently, a tight correlation r oc L 



0.3±0.002 



was id entified by Lii et al. I ( 2012h and a corre latio n T oc £p 78±0,18 was sugg ested by Ghirlanda et al. 



( 120121 ). Very recently, iMargutti et al. I (120121 ) and lBernardini et al. I ( 120121 ) discovered a tight 
correlation E y /E x oc E® m±0A6 , where E y is the isotropic-equivalent energy of the prompt 
emission and E x is the total energy of the afterglow emission in X-ray band. In the f orward 



shock afterglow model, is p roportional to E k , the kinetic energy of the outflow (IPiran 
20041 ; IZhang fc Meszaros I Eoo3 ) . Therefore £ 7 /£ x (oc E y /E k ) is proportional to the GRB 
efficiency f/ 7 = E 1 / (E 1 + E^) as long as E 1 is considerably smaller than E k . Hence one 
has f/ 7 oc E®' 7 . Some possible interpretations of the E v — L correlation can be found in the 



literature 



n0.7 

(e.g., 



Wei & Gao 1120031 : iRees & Meszaros 1120051 : iGhirlanda et al. 1120121 ). In this 



Letter we aim to interpret all the above four correlations together 0. The starting point is the 
extensively discussed speculation that the prompt emission of Gamma-ray bursts is mainly 



thermal-like any longer (e.g., 


Rees & Meszaros 


2005; 


Ioka et al. 


2007; 


Beloborodov 


2010 


Lazzati et al. 


2011; 


Giannios 


|2012|). 



Firstly, we discuss the simplest scenario, in which the (luminosity, spectral peak energy, 
efficiency) of the emission roughly resemble (L b , T b , Y h ), where (L b , T b , Y h ) are the (lumi- 



1 Two other highly relevant correlations are the E p — i? 7i i so correlation (Amati et al. 2002) as well as the 
-E^isc. — r correlation (Liang et al. 2010), where -E 7i i SO is the isotropic energy of the prompt 7-rays. Both of 
them are intcrpretable if one takes the duration of the bursts to be roughly a constant. 
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nosity, temperature, efficiency) of the photospheric radiation, and Yb and Lb are related to 
the total luminosity L as Y"b = Lb/L . In such a scenario, if there are some valid correlations 
among Lb, Tb, T, and YJ,, so are L, E p , F and fj T For a relativistic baryonic fireball, the 
acceleration and th e subse quent photosphe r ic rad iation have been initially inv estigated by 
Piran et al. I (119931 ) and by iMeszaros et al. I (119931 ). Following these approaches, Fan fc Wei 
( 120111 ) have recently derived the expressions of the initial radius of the accelerated outflow 
(i.e., Rq) and the final Lorentz factor of the outflow (i.e., T) 

R oc Ll /2 Y h 3/2 T b - 2 , (1) 

r cx (y,- 1 - A/3)^Ll /8 Ti /2 , (2) 

respectively. For Y h <C 1 (actually even for Y h = 0.5, the difference between ( YT 1 — 4/3) 1 / 4 
and Y b 1//4 is only by a factor of 1.3), eq.([2]) reduces to the form obtained by Pe'er et al. 

(3) 



( 120070 . i.e. 



r oc Y- l/i L\l 8 T l J 2 



As shown in iLii et al. I (120121 ) , for the outflow launched via the annihilation of neutrino 
pairs emitting from a hyper-accreting disk, the dimensionless entropy of the initial outflow 
is related to the total luminosi ty as r\ oc Ln (a k ~ 7/27 is derived if the poorly understood 
collimation process is ignored ( ILii et al. 1120121 ). In the following derivation we regard k as 
a "free parameter"). The final Lorentz factor of the accelerated outflow is related to the 
initial dimensionless entropy as T w 4(1 — AY^/3)r)/3. As long as the thermal radiation is 
not extremely efficient (say, Yb < 0.25)tl, approximately we have 



r oc L^ 



Combining eq.(l) with eq.(3), we have 



r K i^jfY. 



Substituting this relation into eq.(4) we have 



8fc-2 _2 

l 



Y h <x L£ +8k R*+ 8 



(4) 



(5) 



(6) 



2 The GRB efficiency of some bursts is quite high if one takes the energy injection model to account for 
the early shallowly decaying X-ray afterglow data. Such kind of models however are usually found to be 
unable to interpret the simultaneous optical afterglow data, as firstly pointed out by Fan & Piran (2006). 
The modeling of the late (t > 10 4 s) better-understood afterglow data suggests a typical GRB efficiency 
- 10 - 20% (e.g., Fan & Piran 2006). 
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Hence eq.(4) and eq.(l) give 



and 



respectively. Finally we have 



T cxL^ +Sk R Q 1+8k , 



32fc-5 l-4fc 
T T 4(1+8*0 Dl+8fe 



12k 2k 
p rp32k-5 D (32fc-5) 

1 al b -"-o 



(7) 



(9) 



So far we have shown that some correlations should be present. 



In the current scenario, (E p , L, 7/ 7 ) largely resembles (Tb, Lb, lb), respectively. So if 
we take k ~ 0.34, the expected relations are 



oc E° p 7 R~ 



E n 



x 



L 0A R 



°- n , rocL°- 27 V 18 , 



(10) 



respectively, which are nicely in agreement with the four correlations summarized in the 
first paragraph of this section and the only requirement is that Rq depends on L insen- 
sitively. Interestingly, th e required k ~ 0.34 is close to that (k ~ 7/27) found in a sim- 



ple analytical approach (ILii et al. 1 12012| ). Actually when adopting eq.(18) and eq.(16) 



of Fan & Wei (2011), we have T w 400(L/10 52 erg s- 1 ) 1 / 4 (y b /0.2) 1 /8(i? /10 8 cm)" 1 / 4 and 
E p ^ 260 keV (L/10 52 erg s~ 1 ) 1/4 (F b /0.2) 3 / 8 ( J Ro/10 8 cm)" 1 / 2 , the coefficients are consistent 
with those reported in the literature, as long as Rq is in order of 10 8 cm. These facts together 
with the plots in Fig.l illustrate that the correlations found in the literature (including the 
normalization) are indeed interpretable within the photosphere model. 

Secon d ly, we adopt the so-called "generic" dissipative photo spheric model developed by 
Gianniosl ( 120121 ). in which it is shown that at the radius i? eq (see eq.(5) therein), where 
radiation and electrons drop out of equilibrium, the spectral peak of the prompt emission 
forms [f| and the Lorentz factor can be expressed as (see eq.(9) therein) 



T oc Ef r / - 1 /5 L i/io / i/5 (r//rr i/5 ) 



'IF 



where f± is the number of electron+positron pairs per proton and is expected to be moderate. 



The acceleration calculation yields R eq oc r_R ?77 3 ^ 2 (e.g., iPiran et al. I Il993t iFan fc Wei 



3 The "generic" dissipative photosphcric model is different from the simplest photosphere model in two 
main aspects. One is that the electron-positron pairs delaying photosphere have been taken into account. 
The other is that the peak energy of the emerging spectrum traces the temperature of the outflow at R eq 
(the optical depth is about tens, see eq.(6) therein) rather than that at the photosphcric radius. 
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2011 ). with which we hava9 



r oc L^R-^f^^/T) 



-1/5 



With the relation 77 oc L k 7) 7 k , eq. liTTj) and eq. (fT2~]) give 

(10fc-l) ( 1 ~ 5fc ) I/O . ,„ 

(Ah — 11 6 ~4 —IK 

r/ 7 oc iWj^/f^^/T)^, 



respectively. Substituting eq. ffHI) into eq. (IT2|) and eq. ffl3l) . we have 



Bk 



4k 



4fc+5 



T oc L—iR 5(1+4fc) /^ (4fc+1) (r//r)"M4 fc+ i) , 



8fc_l 2(l-5fc) 3 12 

E p oc L^^)Rj w ^f ± 5(4fe+1) (77/r)- 



(12) 

(13) 
(14) 

(15) 
(16) 



respectively. As long as the radiation efficiency is not ye ry efficient (say 7/ 7 < 0.25), one can 
take 77/r ~ 1 (IPiran et al. Ill993l ; iMeszaros et al. II19931 ). For k ~ 0.34 we have 



r oc L - 29 , E p oc L^', T oc ££ YB , t7 7 oc E. 



-0.37 



0.78 



r>0.4 
P ' 



which are roughly consistent with the correlations summarized at the beginning of this 
section. 



Both long and short GRBs follow the E p —L correlation (IGhirlanda et al. Il2009t IZhang et al. 



20121 ) and the ?7 7 — E p correlation (IMargutti et al. 1 12012 



Bernardini et al. 



2012h . When 



taking the peak time of the GeV emission of the short GRB 090510 as the deceleration time 
of the forward shock, we found that the inferred bulk Lorentz factor also follows the V — L 
correlation. Such facts suggest that the photospheric origin of the prompt emission may also 
apply to some short bursts. 



Discussion 



Prominent thermal radiation co mponents have been identified in GRB 090902B, a very 



bright burst at a redshift z = 1-822 (lAbdo et al 



Zhang et al. ll201lULiu fc Wang!l2011 



2009 



Pandev et al 



Barniol Duran fc Kumar 



2010 



12011 



Rvde et al. 



Pe'er et al. 



2010 



20121 ). For 



4 Numerically one gets V « 120(L/10 52 erg s- 1 ) 1 / 4 (r7 7 /0.2) 1 / 4 (i? /10 8 cm)- 3 / 10 (/ ± /5) 1 / 5 (?7/r)- 1 / 5 and 
then E p w 160 kcV (L/10 52 erg s- 1 ) 1 / 4 (r7 7 /0.2) 3 / 4 (i? /10 8 cm)" 1 / 2 . These coefficients are comparable with 
that of the observed correlations as long as Rq ~ 10 7 cm. 
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Fig. 1. — (a) The T — L diagram for the bursts discussed in lLii et al. I ( 120121 . excluding those 
with a T in dispute, for example GRB 090510 and GRB 090328A) and for the time-resolved 
thermal radiation of GR B 090 902B. The solid line is the best fit T « 249(L/10 52 erg s" 1 ) 3 



obtained in iLii et al. I ( 120121 ). (b) The E p — L diagram for the bursts investigated in 



Zhang et al. I (120121 ) and for the time-resolved thermal radiation of GRB 090902B (Please 



note that we have taken E p = 3.92(1 + z)Tb j0 bs, where Tb i0 bs is the o bserved tempe r ature) . 
The solid line is the best fit E p « 302 keV (L/10 52 erg s" 1 ) - 4 found in lzhang et all < j2012T >. 
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example, IZhang et al. I (1201 if ) divided the whole data set of GRB 090902B into several 
time bins and showed that the spectrum in each bin can be nicely fitted by a thermal 
component plus a power-law spectral component. By applying the same technique, we 
redo the analysis using Fermi/GBM data and the newest Fermi/LAT PASS7 data. The 
thermal (blackbody) and non- thermal (pow e r-law ) spec tral parameters and fluxes are derived 
in each time bin. Following iPe'er et al. I (120071 ) and iFan fc Wei I (120111 ) and assuming a 
constant thermal radiation efficiency ~ 20%, the bulk Lorentz factors of the outflow shells 
can be straightforwardly evaluated. We plot the inferred T t ogeth er with the simultaneous 
luminosity in the V — L diagram presented by iLii et al. I ( 120121 ). As shown in Fig. 1(a) 
these two sets o f data are in agreement with each other. For most bursts discussed in 
Lii et al. I ( 120121 ) the measurement of Y was based on the modeling of the afterglow light 
curve(s). The physics involved in such a kind of estimation is completely different from that 
for GRB 090902B. The agreement between these two sets of data thus not only supports 
our speculation of the photospheric origin of the prompt emission but also validates the 
robustness of both methods of evaluating V . In Fig. 1(b) we plot the time- resolved spectral 
peak energy yersus the simultane ous luminosity of GRB 090902B in the E p — L diagram 
presented by IZhang et al. I (120121 ) . Again, a nice agreement between these two sets of data 
is present, in support of the photospheric origin of the prompt emission of some Gamma-ray 
bursts. 

Finally, we'd like to point out that all these correlations have not been reasonably inter- 
preted in either the internal shock models or the internal magnetic energy dissipation models 
(the outflow is magnetic). In the standard internal shoc k model, one has E p oc L l / 2 T~ 2 (e.g., 



Zhang et al. 1 12002| ; iDai fc Lu 1 12002| ; IFan fc Wei 1 120051 ) then we expect no evident positive 
correlation between E p and the luminosity after taking into account the correlation T cx L ' 3 , 
at odds with the data. It is also straightforward to show that the correlation T oc L 3 pre- 
dicts an extremely low internal shock efficiency unless the slow material shell has a width 
much widely than that of the fast shell (i.e., the duration of ejecting the slow shell is needed 
to be a factor of ~ (Ff/T s ) 3 ' 4 that of ejecting the fast shell, where Tf and T s are the bulk 
Lorentz factor of the fast and slow shells, respectively). For a magnetic outflow, it is recog- 



nized in ILii et al. I ( 120121 ) that an interpretation of T — L correlation is not available yet, let 
alone interpret the others. All these facts strongly favor the suggestion that the dominant 
component of the prompt emission of some GRBs may be tightly relevant to the photospheric 
radiation process, though much work on getting a spectrum nicely matching the data is still 
needed (Veres, Zhang & Meszaros 2012, in preparation). 
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